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HIGHLIGHTS 


►  Graphene-wrapped  SnCo  nanoparticles  are  prepared  by  a  facile  solution  route. 

►  The  composite  shows  an  extremely  high  reversible  capacity  of  1117  mAh  g'1  at  0.1  C. 

►  It  also  exhibits  good  high-rate  capability  and  cycling  performances. 
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Graphene  nanosheets  (GNS)  wrapped  SnCo  alloy  nanoparticles  are  prepared  by  a  chemical  reduction 
method  on  an  ice  water  bath.  SnCo  nanoparticles  are  dispersed  uniformly  on  GNS  and  their  particle  sizes 
are  around  8-12  nm,  which  are  substantially  smaller  than  the  pristine  SnCo  particles  (~  80-180  nm) 
prepared  in  the  absence  of  GNS.  The  GNS-SnCo  composite  is  fabricated  as  an  anode  material  for  lithium 
ion  batteries.  It  shows  a  distinguished  higher-than-theoretical  capacity  of  1117  mAh  g-1  at  72  mA  g_1, 
which  is  larger  than  bare  GNS  (727  mAh  g-1)  or  Sn-Co  particles  (599  mAh  g-1).  Moreover,  the  GNS-SnCo 
composite  shows  a  good  rate  performance  at  a  large  current  of  720  mA  g_1.  A  high  capacity  of  922  mAh  g-1 
is  retained  with  more  stable  cycle  life  than  that  at  a  small  current.  These  improved  cycling  performances 
are  attributed  to  the  complimentary  effect  of  three  elements.  The  mechanical  stability  of  Sn  upon  cycling 
is  improved  by  the  presence  of  robust  and  electrically  conductive  GNS  and  the  alleviated  function  of 
inactive  cobalt  element.  The  agglomeration  of  GNS  is  also  hindered  by  the  spacing  effect  of  SnCo  nano¬ 
particles  among  neighboring  GNS  materials. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  have  been  widely  used  as  power  sources 
for  portable  electronic  devices  in  recent  years[l-3].  As  the 
commercial  anode,  graphite’s  theoretical  capacity  (372  mAh  g-1)  is 
too  small  to  meet  the  development  of  next  generation  lithium  ion 
batteries.  Due  to  its  high  theoretical  capacity  (994  mAh  g_1),  tin- 
based  anode  has  been  investigated  as  the  promising  alternative 
to  carbonaceous  materials.  However,  the  critical  problem  (large 
volume  change  during  the  Li  insertion  and  extraction)  would  lead 
to  the  partial  electrode  pulverization  and  cracking[l-3].  To  mini¬ 
mize  such  detrimental  effect,  various  tin-cobalt  based  materials 
mainly  including  Sn-Co  alloys[4-20]  and  Sn-Co-C  composites  [21- 
42]  have  recently  attracted  great  attentions  for  their  improved 
mechanical  stability  and  electrochemical  properties.  As  an  inactive 
element,  the  cobalt  element  can  restraint  the  agglomeration  of 
nanosized  tin  particles  and  alleviate  the  large  volume  change 
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during  the  Li  insertion  and  extraction  process[4-20].  Moreover,  the 
introduction  of  carbonaceous  materials  can  prevent  nanoparticle 
agglomeration  and  enhance  the  structural  stability  and  electrical 
contact  of  Sn-based  electrode  materials[21-42]. 

Since  its  discovery  in  2004,  graphene  and  its  derivative 
composites  have  drawn  intensive  interest  for  abundant  applica¬ 
tions  owing  to  their  outstanding  characteristics  such  as  high  elec¬ 
trical  conductivity,  strong  mechanical  stability,  large  space  area,  etc. 
[43,44].  Graphene-based  materials  have  been  investigated  as  active 
anode  materials  for  lithium  ion  batteries  and  could  exhibit  a  large 
lithium-ion  storage  capacity  (-500-1100  mAh  g_1)[45-49].  Being 
a  two  dimensional  material,  graphene  has  also  been  suggested  as 
a  promising  matrix  to  be  composited  with  other  high-capacity 
electrodes  materials[50-56].  To  the  best  of  our  knowledge, 
graphene-SnCo  composite  is  not  yet  to  be  reported  in  the  literature. 

Herein,  graphene  nanosheets  (GNS)  wrapped  SnCo  nanoparticles 
were  prepared  by  a  facile  chemical  reduction  method  on  an  ice  water 
bath  and  their  Li-ion  storage  properties  were  explored  in  this  work. 
The  obtained  composite  showed  superior  high  lithium  storage 
capacity  and  good  cycling  properties  at  both  small  and  large  currents. 
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2.  Experimental 

2.1.  Preparation  of  graphene  oxide 

Graphene  oxide  (GO)  was  synthesized  by  a  modified  Hummers 
method  [57].  1  g  natural  graphite  powder  (Sinopharm  Chemical) 
was  dispersed  in  50  ml  65  wt%  HN03  aqueous  solution  (Sinopharm 
Chemical)  and  50  ml  98  wt%  H2SO4  aqueous  solution  (Sinopharm 
Chemical),  while  the  temperature  was  maintained  at  ~  10  °C  in  an 
ice-water  bath.  After  magnetic  stirring  for  30  min,  5  g  KMn04 
(Sinopharm  Chemical)  was  slowly  added  into  the  system  and 
reacted  for  2  h  under  magnetic  stirring.  Then  200  ml  deionized 
water  and  5  ml  30  wt%  H2O2  aqueous  solution  (Sinopharm  Chem¬ 
ical)  were  added  to  the  solution,  followed  by  washing  with  15  ml  10 
wt%  HC1  aqueous  solution  (Sinopharm  Chemical).  After  the  process 
of  ultrasonication  for  1  h,  centrifuging  (12000  rpm)  from  copious 
washing  with  deionized  water  and  dry,  the  graphene  oxide  was 
obtained. 

2.2.  Preparation  of  graphene  wrapped  SnCo  alloy  particle 

20  ml  0.007  M  SnCl4-5H20  aqueous  solution,  20  ml  0.007  M 
C0CI2  6H2O  aqueous  solution,  20  ml  0.014  M  trisodium  citrate  acid 
and  20  ml  0.007  M  sodium  dodecyl  benzene  sulfonate  were  mixed 
and  stirred  for  a  few  minutes  to  form  a  transparent  solution.  0.12  g 
as-synthesized  graphene  oxide  (GO)  was  ultrasonically  dispersed  in 
20  ml  deionzed  water  and  then  added  to  the  mixed  solution.  20  ml 
0.01  M  sodium  borohydride  aqueous  solution  was  added  dropwise 
to  the  reaction  system  and  the  temperature  was  controlled  at  0-5  °C 
on  an  ice-water  bath.  After  continuous  magnetic  stirring  for  2  h,  the 
precipitates  (GO  supported  SnCo  nanoparticles)  were  collected  by 
centrifugation,  copious  washing  with  deionized  water  and  drying. 
These  GO  supported  SnCo  nanoparticles  were  heated  in  a  tube 
furnace  in  a  flow  of  40  seem  N2  at  300  °C  for  2  h.  The  graphene 
nanosheets  (GNS)  supported  SnCo  nanoparticles  were  obtained  as 
the  final  product.  The  pristine  Sn-Co  alloy  nanoparticles  were 
prepared  by  a  similar  procedure  except  for  the  absence  of  GO 
materials. 

2.3.  Materials  characterizations 

The  obtained  products  were  characterized  by  X-ray  diffraction 
(XRD,  Rigaku  D/max-2550V,  Cu  Ka  radiation),  Gas  Chemisorption 
Analyzer(ASAP  2020,  Micromeritics),  field-emission  scanning 
electron  microscopy  (FE-SEM,  JSM-6700F)  with  an  energy  disper¬ 
sive  X-ray  spectrometer  (EDS),  and  transmission  electron  micros¬ 
copy/selected  area  electron  diffraction  (TEM/SEAD,  JEOL  JEM- 
200CX  and  JEM-201  OF)  in  the  Instrumental  Analysis  and  Research 
Center  of  Shanghai  University.  Raman  spectroscopy  was  recorded 
on  Renishaw  in  plus  laser  Raman  spectrometer  (excitation  wave- 
length=785  nm,  excitation  power=3  mW,  spot  size=1.2  pm). 
Fourier  transform  infrared  (FTIR)  spectra  were  collected  by  a  BIO¬ 
RAD  FTS  135  FTIR  spectrophotometer  using  the  KBr  pellet 
method.  The  carbon  and  sulfur  elements  were  measured  by  a  high- 
frequency  infrared  carbon-sulfur  analyzer  (Keguo  Instrument,  HCS- 
500P).  The  electrical  conductivity  was  measured  by  a  four- 
electrode  method  using  a  conductivity  detection  meter  (Shanghai 
Fortune  Instrument,  FZ-2010). 

2.4.  Electrochemical  measurements 

The  working  electrodes  were  composed  of  80  wt%  of  active 
material,  10  wt%  of  the  conductivity  agent  (acetylene  black),  and  10 
wt%  of  the  binder  (poly  vinylidene  difluoride,  PVDF,  Aldrich). 
Lithium  foil  (China  Energy  Lithium  Co.,  Ltd)  was  used  as  counter 
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Fig.  1.  (a)  XRD  patterns  of  graphene  oxide  (GO),  graphene  nanosheets(GNS),  Sn-Co 
alloy  particles  and  GNS  wrapped  SnCo  nanoparticles  (GNS-SnCo).  (b)  FTIR  spectra  of 
GO,  GNS  and  GNS-SnCo.  (c)  Raman  spectra  of  GNS  and  GNS-SnCo. 
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Fig.  2.  SEM  images  of  (a)  GNS,  (b)  Sn-Co  alloy  particles,  (c,d)  GNS  wrapped  SnCo  nanoparticles,  (e)  the  EDS  pattern  of  GNS  wrapped  SnCo  nanoparticles. 


Fig.  3.  EDS  element  mapping  of  GNS  wrapped  SnCo  nanoparticles:  (a)  SEM  image.  EDS  element  mapping  images  of  (b)  C,  (c)  Sn,  (d)  Co  elements. 
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and  reference  electrode.  The  electrolyte  was  1  M  LiPF6  in  a  50:50  w/ 
w  mixture  of  ethylene  carbonate  (EC)  and  diethyl  carbonate  (DEC). 
Electrochemical  measurements  were  performed  on  a  LAND- 
CT2100C  test  system  at  a  constant  temperature  of  25  °C.  The 
Swagelok-type  cells  were  discharged  and  charged  at  a  constant 
current  (72  mA  g  0.1  C,  1  C=720  mA  g-1)  in  the  fixed  voltage 
range  5  mV  -3  V.  The  loading  amount  of  the  electrode  was  kept  at 
~  2  mg  cm-2.  A  high  rate  of  1  C  was  also  used  and  the  first  cycle 
discharging  was  kept  at  0.1  C. 

3.  Results  and  discussion 

The  XRD  patterns  of  GO,  GNS,  Sn-Co  particles  and  GNS  wrapped 
SnCo  nanoparticles  are  shown  in  Figure  la.  There  was  a  character¬ 
istic  peak  of  GO  at  10.8°,  indicating  that  the  interplanar  spacing  was 
around  0.818  nm.  After  the  thermal  reduction,  this  peak  was  shifted 
to  25.7°.  The  corresponding  interplanar  spacing  of  GNS  was  0.346 
nm,  which  was  slightly  larger  than  that  of  standard  graphite  (0.335 
nm).  For  the  XRD  patterns  of  Sn-Co  alloy  nanoparticles,  a  few 
characteristic  peaks  could  be  observed,  which  could  be  ascribed  to 
a  mixed  phase  of  Sn2C03  (PDF  26-0490),  Sn3Co  (PDF  48-1813)  and 
Co  (PDF  15-0806).  However,  in  the  presence  of  GNS,  a  few  charac¬ 
teristic  peaks  were  readily  indexed  to  a  pristine  phase  of  SnCo  (PDF 
02-0559).  There  were  no  more  peaks  corresponding  to  other  Sn-Co 
alloys  and  Co  metal. 

The  FTIR  spectra  of  GO,  GNS  and  GNS-SnCo  composite  are 
shown  in  Figure  lb.  The  peak  at  3421  cm-1  of  GO  was  attributed  to 
the  O-H  stretching  vibration  of  adsorbed  water  molecules  and 
surface  OH  groups.  A  few  stretches  of  1728  and  1225  cm-1  could  be 
attributed  to  the  presence  of  abundant  0=C  and  O-C  functional 
groups  on  the  GO  surface.  It  is  suggested  that  these  surface  groups 
of  GNS  may  hinder  the  particle  growth  of  Sn-Co  particles  in  the 
preparation  process.  After  a  thermal  reduction,  these  oxygen- 
containing  functional  groups  in  GNS-SnCo  composite  were  not 
found,  confirming  that  GO  had  been  reduced  to  GNS.  For  GNS  and 
GNS-SnCo  composite,  a  small  stretch  appeared  at  1568  cm-1,  which 
could  be  ascribed  to  the  skeletal  vibration  of  graphene  sheets  [49]. 

The  Raman  spectra  of  GNS  and  GNS-SnCo  composite  are  shown 
in  Figure  lc.  Two  characteristic  peaks  of  the  D  and  G  bands  from 
GNS  were  observed  at  1330  and  1580  cm-1.  The  intensity  ratios  of  D 
and  G  band  (ID:  IG)  were  1.21  and  1.28  for  GNS  and  GNS-SnCo 
composite  respectively.  The  more  disordered  carbon  structure  in 
the  GNS-SnCo  composite  compared  with  bare  GNS  may  be  due  to 
the  partial  insertion  of  SnCo  particles  into  GNS.  This  disordered 
structure  may  be  beneficial  to  the  enhanced  lithium-ion  storage 
capacity  and  faciliated  lithium  diffusion  through  graphene  layers. 

FESEM  images  in  Figure  2a-d  show  the  surface  morphologies  of 
GNS,  Sn-Co  particles  and  GNS  wrapped  SnCo  nanoparticles.  GNS 
could  be  observed  as  several  layers  stacking  of  single  graphene 
nanosheet  (Figure  2a).  Pristine  Sn-Co  alloys  with  particle 
morphology  were  found  with  particle  sizes  around  80-180  nm 
(Figure  2b).  When  GNS  were  added  in  the  preparation  process, 
SnCo  nanoparticles  were  obtained  with  substantially  smaller 
particle  sizes  of  ~8-12  nm.  These  nanoparticles  were  dispersed 
uniformly  on  GNS  surface  and  there  was  no  detectable  particle 
agglomeration  as  shown  in  Figure  2c-d.  The  energy  dispersive  X-ray 
spectroscopy  (EDS)  results  of  GNS-SnCo  composite  are  shown  in 
Figure  2e.  A  few  elements  such  as  C,  O,  Sn  and  Co  were  present  in 
the  composite.  The  Si  element  was  observed  because  Si  substrate 
was  used  to  disperse  GNS-SnCo  sample  for  SEM  measurment,  thus 
removing  the  carbon  effect  from  the  commonly  used  substrate  of 
carbon  paste.  The  composite  was  also  measured  by  a  high-frequent 
infrared  carbon  analyzer.  The  elemental  analysis  of  C  in  the 
composites  revealed  that  the  carbon  content  was  82.2%  in  GNS- 
SnCo  composite.  This  value  is  slightly  larger  than  the  theoretical 


value  (75  wt%  carbon)  based  on  the  experimental  calculation.  The 
molar  ratio  of  Sn:Co  was  estimated  to  be  1:1  in  the  composite  by 
the  energy  dispersive  spectra  (EDS)  results.  The  BET  surface  area  of 
the  composite  was  measured  to  be  ~  176.2  m2  g-1. 

Figure  3a  shows  a  typical  SEM  image  of  the  GNS-SnCo 
composite,  along  with  the  corresponding  C  (Figure  3b),  Sn 
(Figure  3c),  Co  (Figure  3d)  mapping  images.  These  evenly- 
distributed  points  of  Sn,  Co  and  C  elements  confirmed  the 
uniform  dispersion  of  SnCo  particles  on  the  GNS.  These  small 


Fig.  4.  TEM  images  of  (a)  GNS,  (b)  Sn-Co  alloy  particles,  (c)  GNS  wrapped  SnCo 
nanoparticles. 
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particle  size  and  narrow  particle  size  distribution  of  SnCo  materials 
on  GNS  are  highly  desirable  when  used  as  anode  materials  for 
lithium  ion  batteries  because  uniform  and  small  local  volume 
change  would  be  caused  upon  cycling!  1-3],  which  should  be  easier 
to  be  relieved  by  GNS  material.  Figures  4a-c  show  TEM  images  of 
GNS,  Sn-Co  particles  and  GNS  wrapped  SnCo  nanoparticles.  GNS 
were  quite  thin  under  the  electron  imaging  (Figure  4a).  Pristine  Sn¬ 
Co  alloy  particles  were  around  80-180  nm  and  contacted  with  each 
other  in  Figure  4b.  A  large  number  of  SnCo  nanoparticles  were 
found  on  GNS  as  shown  in  Figure  4c.  These  nanoparticles  were 
quite  uniformly  dispersed  without  detectable  particle  agglomera¬ 
tion.  It  should  be  attributed  to  the  binding  effect  of  GNS,  which 
limits  the  particle  movement  and  agglomeration.  A  schematic 
sketch  of  the  growth  process  of  GNS  wrapped  SnCo  nanoparticles  is 
shown  in  Figure  5.  SnCo  nanoparticles  were  wrapped  by  GNS  and 
formed  a  sandwiched  composite  nanostructure.  The  agglomeration 
of  GNS  should  be  hindered  in  the  composite  due  to  the  presence  of 
a  number  of  SnCo  particles.  These  nanoparticles  are  located  within 
GNS  stacking  and  can  prevent  their  contact  to  some  extent. 

Sn-Co  based  materials  have  been  suggested  as  promising  anodes 
for  lithium  ion  batteries.  Various  carbon  supported  Sn-Co 
composites  have  been  investigated[21-42].  It  should  be  also 
meaningful  to  explore  the  effect  of  graphene  matrix  when 
composited  with  SnCo  materials.  The  electrochemical  perfor¬ 
mances  of  Sn-Co  alloy,  GNS  and  GNS  wrapped  SnCo  nanoparticles 
at  a  constant  small  current  of  72  mA  g-1  (0.1  C,  1C=  720  mA  g^1)  are 
compared  in  Fig.  6a-b.  There  are  two  plateaus  in  the  discharge 
curve  of  pure  Sn-Co  alloy.  The  voltage  plateau  at  ~  1.0-1.2  V  should 
be  ascribed  to  the  decomposition  of  electrolyte  and  the  formation 
of  a  solid  electrolyte  interphase  (SEI)  film  or  the  reduction  of 
impure  metal  oxides  on  Sn-Co  alloy  surface  [20,38].  Another 
plateau  ( -  0.4-0.5V)  can  be  ascribed  to  the  lithiation  reaction  of  Sn 
and  subsequently  the  formation  of  LixSn  alloy [2].  The  reversible 
delithiation  process  can  be  also  indicated  by  the  plateau  (~0.5- 
0.8V)  in  the  corresponding  charge  curve.  In  comparison,  these 
plateaus  due  to  the  lithiation  and  delithiation  process  of  Sn  are  not 
very  clear  for  the  graphene/Sn-Co  composite  because  there  is 
a  large  amount  of  82.2%  graphene  in  the  composite.  Pristine  gra¬ 
phene  exhibits  a  plateau  around  0.75  V,  which  is  readily  ascribed  to 
the  formation  of  SEI  film  on  graphene[46].  The  initial  charge 
capacity  (lithium  extraction)  of  GNS  wrapped  SnCo  nanoparticles 
was  1117  mAh  g-1,  which  was  substantially  higher  than  those  of 


GNS  (727  mAh  g_1)  and  Sn-Co  alloy  (599  mAh  g-1).  To  our 
knowledge,  this  large  reversible  capacity  (1117  mAh  g-1)  is  not 
witnessed  in  all  previous  Sn-Co  and  Sn-Co-C  composites  anodes. 
Although  the  mechanism  for  extremely  high  capacity  is  not  very 
clear,  it  is  believed  that  the  extra  amount  of  lithium  ion  may  be 
mainly  due  to  the  more  disordered  carbon  structure,  which  is 
partially  proved  by  the  Raman  spectra  results  of  GNS  and  GNS-SnCo 
composite  (Fig.  lc).  The  expanded  (002)  interlayer  spacing  in 
disordered  GNS  has  been  suggested  for  enhancing  the  Li-ion 
storage  capacity  [45].  Lithium  ions  can  also  be  stored  in  micro¬ 
voids  surrounded  by  hexagonal  planes  and  cluster  gap  between 
edges  of  carbon  hexagon  clusters  caused  by  the  insertion  of  SnCo 
nanoparticles  into  GNS  layers[58].  The  Li-ion  storage  has  also  been 
suggested  by  a  possible  faradaic  capacitance  [49]  and  absorption  on 
both  sides  of  graphene  [45,46].  Initial  discharge  capacities  (lithium 
insertion)  were  1409  mAh  g_1  and  1125  mAh  g_1  for  GNS  and  Sn-Co 
alloy  respectively.  GNS  wrapped  SnCo  nanoparticles  showed 
a  higher  initial  discharge  value  of  1735  mAh  g-1.  The  corresponding 
initial  Coulombic  efficiencies  were  51.6%  and  53.2%  for  GNS  and  Sn¬ 
Co  alloy  respectively.  The  Coulombic  efficiency  was  increased  to 
64.4%  for  GNS  wrapped  SnCo  nanoparticles.  The  large  initial 
capacity  loss  should  be  mainly  ascribed  to  the  lithium  ion 
consumption  in  the  electrolyte  decomposition  and  the  formation  of 
solid  electrolyte  interface  (SEI)  film  around  the  GNS/SnCo  electrode 
with  a  large  surface  area  of  176.2  m2  g-1.  This  shortcoming  was 
reported  for  almost  all  nanoscaled  electrodes  due  to  their  large 
surface  areas  and  could  be  improved  by  the  material  pretreatment 
such  as  pre-lithiation  [3]. 

The  cycling  performances  of  Sn-Co  alloy,  GNS  and  GNS  wrapped 
SnCo  nanoparticles  (17.8  wt%  SnCo)  at  0.1  C  are  shown  in  the  Fig.  6b. 
In  general,  there  were  fast  capacity  fadings  for  three  types  of 
electrodes  during  the  initial  20  cycles,  however  the  cycliability 
became  stable  during  the  following  20-60  cycles.  The  charge 
capacity  of  GNS  wrapped  SnCo  nanoparticles  was  571  mAh  g-1 
after  60  cycles,  which  was  higher  than  those  of  GNS  (324  mAh  g-1) 
and  Sn-Co  alloy  (210  mAh  g-1)  after  the  same  cycles.  This  value 
(571  mAh  g-1)  is  also  larger  than  commercial  graphite  supported 
Sn-Co  nanoparticles  (~400  mAh  g-1)[22,23]  and  most  previous 
Sn-Co-C  reports[24-38]  after  similar  cycle  numbers.  The  achieved 
reversible  capacities  (1117  -571  mAh  g-1)  in  60  cycles  are  also 
comparable  to  previous  transitional  metal  oxides  or  tin-based 
anodes[50-56].  Fig.  6c  shows  the  contribution  of  SnCo  alloy  or 
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Fig.  5.  Schematic  illustration  of  the  formation  process  of  GNS  wrapped  SnCo  nanoparticles. 
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Fig.  6.  (a)  First-cycle  discharge  (lithium  insertion)  and  charge  (lithium  extraction) 
curves  of  the  products  at  0.1  C.  (b)  Cycling  performances  of  the  products  at  0.1  C.  (C) 
the  capacity  contribution  of  SnCo  and  GNS  in  the  composite,  assuming  the  other  one 
has  no  capacity  improvement  in  the  composite. 


GNS  assuming  the  other  one  contributes  no  capacity  improvement 
in  the  composite.  Very  large  capacity  contribution  could  be 
observed  for  both  SnCo  and  GNS  materials,  indicating  a  distin¬ 
guished  synergetic  effect  in  the  composite  for  the  enhanced  Li-ion 
storage  capacity.  These  improved  electrochemical  performances 
should  be  largely  attributed  to  the  usage  of  robust,  flexible  and 


electrically  conductive  GNS.  The  volume  expansion  of  Sn  during  the 
electrochemical  cycles  could  be  buffered  or  relieved  to  some  extent 
by  flexible  GNS  wrapping.  The  electrical  contact  of  Sn  particles  is 
also  improved  by  high  electrically  conductive  GNS.  As  measured  by 
a  four-electrode  method,  GNS-SnCo  composite  exhibits  an  elec¬ 
trical  conductivity  of  5.23  s  cm-1,  which  is  higher  than  Sn-Co  alloy 
(2.25  s  cm-1).  The  Co  element  also  increases  further  the  mechanical 
stability  upon  repetitive  cycling  with  lithium  ions[4-20].  It  is  sug¬ 
gested  that  if  SnCo  nanoparticles  are  further  coated  by  a  carbon 
overlayer [51],  better  cycling  stability  may  be  achieved. 
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Fig.  7.  (a)  First-cycle  discharge  (lithium  insertion)  and  charge  (lithium  extraction) 
curves  of  the  products  at  1  C.  (b)  Cycling  performances  of  the  products  at  1  C.  (c)  TEM 
image  of  GNS  wrapped  SnCo  nanoparticles  after  cycling. 
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The  high-rate  electrochemical  performances  of  Sn-Co  alloy,  GNS 
and  GNS  wrapped  SnCo  nanoparticles  were  also  explored  as  shown 
in  the  Fig.  7a-b.  In  comparison,  the  initial  charge  capacities  of  Sn-Co 
alloy,  GNS  and  GNS  wrapped  SnCo  nanoparticles  were  473  mAh  g~\ 
700  mAh  g-1  and  922  mAh  g-1  respectively  at  a  high  rate  of  1  C  (720 
mA  g-1).  These  values  were  all  lower  than  the  corresponding 
capacities  at  0.1  C.  However,  three  composites  exhibited  more  stable 
cycle  life  compared  to  their  performances  at  0.1  C.  It  may  be  because 
those  extra  amount  of  lithium  ions  at  a  smaller  current  are  more 
inclined  to  be  trapped  in  the  “bad”  pores  or  microcavities  of  the 
electrode  materials.  However,  most  inserted  lithium  ions  at  a  fast 
current  are  stored  in  comparatively  “good”  places,  in  which  lithium 
ions  can  be  easily  stored  and  exhibit  a  good  reversibility.  As  a  result, 
a  more  stable  cycliability  would  be  achieved  at  a  large  current.  A 
similar  better  high-rate  cycliability  was  also  observed  in  the  GNS- 
CuO  composite  anodes[56].  The  TEM  image  of  GNS-SnCo 
composite  after  cycling  is  shown  in  Figure  7c.  The  conductive  agent 
(carbon  black)  and  binder  materials  (PVDF)  were  also  present  in  the 
cycled  electrode  materials.  There  was  no  detection  of  large  agglom¬ 
erated  SnCo  particles  in  this  image  and  it  is  believed  that  most  SnCo 
nanoparticles  were  protected  well  by  GNS  wrapping  against  their 
agglomeration  upon  repetitive  cycling  with  lithium  ions. 

4.  Conclusion 

In  summary,  the  composite  of  GNS  wrapped  SnCo  alloy  nano¬ 
particles  was  prepared  by  a  chemical  reduction  method  on  an  ice 
water  bath  and  its  lithium  ion  storage  properties  were  explored.  It 
showed  an  extremely  large  reversible  capacity  of  1117  mAh  g-1  at 
a  small  current  of  72  mAg-1  and  922  mAh  g_1  at  a  large  current  of  720 
mA  g^1  in  the  first  cycle.  These  high  capacities  at  both  small  and  large 
currents  were  not  witnessed  in  previous  Sn-Co-C  relative  literature. 
Moreover,  in  spite  of  comparatively  faster  capacity  fading  in  the  initial 
several  cycles,  good  cycliabilities  were  achieved  during  prolonged 
cycles,  especially  at  a  large  test  current.  These  improved  electro¬ 
chemical  properties  have  been  ascribed  to  the  complimentary  effect 
of  three  components  (Sn,  Co,  GNS),  where  good  electrical  contact, 
strong  mechanical  stability,  and  promoted  lithium  diffusion  and 
storage  could  be  preserved  in  the  repetitive  cycling  with  lithium  ions. 
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